Dipeptidyl peptidases 8 and 9 have been identified as gene members of the S9b family of dipeptidyl peptidases. In the present paper, we report the characterization of recombinant dipeptidyl peptidases 8 and 9 using the baculovirus expression system. We have found that only the full-length variants of the two proteins can be expressed as active peptidases, which are 882 and 892 amino acids in length for dipeptidyl peptidase 8 and 9 respectively. We show further that the purified proteins are active dimers and that they show similar Michaelis-Menten kinetics and substrate specificity. Both cleave the peptide hormones glucagon-like peptide-1, glucagon-like peptide-2, neuropeptide Y and peptide YY with marked kinetic differences compared with dipeptidyl peptidase IV. Inhibition of dipeptidyl peptidases IV, 8 and 9 using the well-known dipeptidyl peptidase IV inhibitor valine pyrrolidide resulted in similar K i values, indicating that this inhibitor is non-selective for any of the three dipeptidyl peptidases.
INTRODUCTION
The heterogenous S9b family of DPPs (dipeptidyl peptidases) is a growing family of serine peptidases, which is characterized by the first identified member DPP-IV (also called CD26; EC 3.4.14.5) [1] . DPP-IV was first identified by Hopsu-Havu and Glenner [2] as an enzyme that possesses a glycylproline β-naphthylamidase activity, and it was later shown that DPP-IV has a general ability to cleave prolyl and alanyl peptide bonds at the penultimate position from the N-terminus [3] [4] [5] [6] . Initially, the observed specificity of DPP-IV was assumed to be unique, but other DPPs and related peptidases with similar specificity have since been identified [7, 8] .
More recently, two members of the S9b family DPP-8 and DPP-9 have been discovered and pinpointed in silico to the two human chromosome loci 15q22 and 19p13.3 respectively [9, 10] .
The ORF (open reading frame) of DPP-8 codes for 882 amino acids and has been reported to be a monomeric protein of approx. 100 kDa. Based on similarities with the tissue expression distribution of DPP-IV, hypothetical functions of DPP-8 in relation to T-cell activation and other immune functions have been suggested [9] , but still no clear physiological roles have been reported. At least one DPP-8 splice variant of possible functional significance has been identified in the EST (expressed sequence tag) database (hEST identifier 8047491), comprising a sequence which, from alignments with DPP-IV, lacks part of the α/β hydrolase domain including the catalytic active-site residue Ser 739 ( Figure 1 ). DPP-9 was identified in silico by Abbott et al. [9] and was first cloned and expressed recombinantly by Olsen and Wagtmann [10] . An 863-amino-acid cDNA variant was expressed, giving an enzymatically inactive protein, which migrated with a molecular mass of approx. 98 kDa as determined from SDS/PAGE analysis [10] . No in vivo functions have been described for DPP-9, and an enzymatically active variant of a recombinantly expressed variant of DPP-9 has been reported in two studies with an apparent ORF of 863 amino acids [11, 12] . Analysis of the upstream cDNA sequence of DPP-9 has revealed another ATG translation start site to the one reported by any of the previous studies (see Figure 1) , thus prolonging the ORF to a total of 892 amino acids (GenBank ® accession number NM 139159).
A counterscreen strategy designed for development of specific DPP-IV inhibitors, involving cloning, expression and characterization of the specificity profiles of DPP-8, DPP-9 and DPP-IV, was undertaken. We used the baculovirus expression system for production of His 6 -tagged constructs of both the splice-variant 657-757 and full-length 882-amino-acid variants of DPP-8 (DPP-8 657−757aa and DPP-8 882aa respectively), and the 863-and 892-amino-acid variants of DPP-9 (DPP-9 863aa and DPP-9 892aa respectively) (see Figure 1 ). In contrast with previous reports [11, 12] , we found that only the full-length variants of both DPP-8 and DPP-9 were enzymatically active, and both were able to cleave the naturally occurring hormones GLP-1 (glucagonlike peptide 1), GLP-2, NPY (neuropeptide Y) and PYY (peptide YY). Although the truncated form of DPP-9 could be expressed, no enzymatic activity could be detected using different putative substrates. Thus these results indicate that only full-length expression of the paralogous genes of DPP-8 and DPP-9 produce enzymatically active proteins and that the mature proteins are able to cleave naturally occurring peptides of the incretin and pancreatic hormone families.
Abbreviations used: DLS, dynamic light scattering; DPP, dipeptidyl peptidase; EST, expressed sequence tag; GLP, glucagon-like peptide; MALDI-TOF, matrix-assisted laser-desorption ionization-time-of-flight; NPY, neuropeptide Y; ORF, open reading frame; pNA, p-nitroanilide; PYY, peptide YY; ValPyr, valine pyrrolidide. 1 To whom correspondence should be addressed (email hbrm@novonordisk.com).
The nucleotide sequence data reported for the full-length 892-amino-acid variant of dipeptidyl peptidase 9 have been deposited in the DDBJ, EMBL, GenBank ® and GSDB Nucleotide Sequence Databases under the accession number DQ417928. Bold residues indicate 100 % identity of at least two residues. Boxes indicate 100 % identity throughout the residue. Important active-site residues (see [15] and [17] 
EXPERIMENTAL

Bioinformatics
Searches of EST cDNA clones were performed using the NCBI EST database (GenBank ® accession numbers for DPP-8 and DPP-9 are AF221634 and NM 139159 respectively). The Vector NTI Suite 6.0 (InforMax) was used for sequence analysis, gene alignments and primer design. Analyses of the X-ray structure of recombinant human DPP-IV (PDB code 1N1M) were performed using Quanta and WebLab ViewerPro (Accelrys).
Cloning
DNA sequences of DPP-8 882aa and DPP-9 892aa were obtained using specific primers (obtained from TAG Copenhagen; Table 1) for PCR from purified HeLa cDNA as described previously [13] and the EST clone 8047491 (obtained from I.M.A.G.E. Consortium) containing the splice variant sequence of DPP-8. Primers were designed from DPP-8 and DPP-9 cDNA sequences with flanking restriction sites for directional cloning. Obtained PCR products were cloned in a pCR2.1 vector (Invitrogen) and verified by full-length DNA sequencing. Correct clones were subcloned to pBacPAK-His3 transfer vector (Clontech) for recombinant virus production. In this way, pBacPAK-His3 constructs of DPP-8 882aa , DPP-9 892aa and DPP-8 657−757aa were con- 
Recombinant baculovirus production and protein expression
Recombinant baculovirus was produced using derived Autographa californica nuclear polyhedrosis virus DNA and the baculovirus transfer vector constructs as described previously [13] . In short, purified transfer vectors with recombinant inserts were mixed with purified virus DNA and were transfected into Sf9 (Spodoptera frugiperda 9) cells using Lipofectin TM (Gibco/ BRL). Virus was amplified for production of high-titre stocks using Sf9 cells. Intracellular expression of recombinant DPP-8 and DPP-9 was performed in large cell dishes (25 cm × 25 cm; Nunc) using High5 insect cells. Typically, expressions of 10 9 -10 11 cells were used per batch. All insect cells were grown in Grace Insect medium supplemented with 0-10 % foetal calf serum, yeastolate, 20 mM L-glutamine and 50 µg/ml gentamycin in either tissue culture flasks or glass spinner bottles at 28
• C.
Protein purification
Insect cells were harvested after 48 h of incubation by centrifugation at 400 g for 10 min, washed three times with PBS and resuspended in hypotonic buffer (25 mM Hepes, pH 7.5, 5 mM KCl and 1.5 mM MgCl 2 ) for 10 min. Cells were lysed with 15-20 strokes in a Dounce homogenizer, incubated for 20 min and adjusted slowly to 0.4 M NaCl. Extracts were cleared by centrifugation at 20 000-30 000 g for 30 min, adjusted to 5 mM imidazole, filtered through a 0.45 µm filter and applied directly to a TALON TM resin (BD Biosciences) column of different sizes depending on cell expression magnitude. Typically, for larger expressions of more that 10 10 cells, approx. 1 ml of resin was used, while for expressions of less than 10 8 cells, a 0.3-0.5 ml column was prepared. The column was equilibrated with 25 mM Hepes, pH 7.5, 0.4 M NaCl and 5 mM imidazole (designated buffer A). The column was first washed with 10 vol. of buffer A and then with 10 vol. of 50 mM NaCl-adjusted buffer A. Elution was performed using 25 mM Hepes, pH 7.5, 50 mM NaCl and 100 mM imidazole. Subsequent ion-exchange purifications of the eluted fractions were performed using a MonoQ column (Amersham Biosciences) on anÄkta Purifer low-pressure chromatographic apparatus (Amersham Biosciences). A gradient of 0-0.5 M NaCl in a 50 mM Tris/HCl, pH 8, buffer was used. The fractions were concentrated on Centriprep YM-10 and Centricon YM-10 filter devices (Millipore Corporation).
SDS/PAGE and Coomassie Blue analyses were performed using 4-12 % gradient NuPAGE ® Bis-Tris Gels (Invitrogen) and GelCode Blue Stain Reagent (Pierce).
Protein concentrations were determined spectrophotometric using UV280/254 nm absorbance and molar absorption coefficients of 186 920, 138 130 and 148 330 M −1 · cm −1 for DPP-IV, DPP-8 and DPP-9 respectively.
Size-exclusion chromatography
Size-exclusion experiments performed using a Superdex 200 10/ 300 GL column (Amersham Biosciences). A buffer composition of 100 mM NaCl and 50 mM Tris/HCl, pH 8, was used. Flow was 0.25 ml/min throughout.
DLS (dynamic light scattering)
DLS was performed on a DynaPro Dynamic Light Scattering Instrument (Protein Solutions). All data were measured at room temperature (20 • C), and analyses were performed using the supplied software package Dynamics version 5.
Enzymatic activity assays
Enzymatic activity was determined kinetically at 37
• C in standard buffer containing 50 mM Tris/HCl, pH 7.4, 150 mM NaCl and 0.1 % Triton X-100. Different pNA (p-nitroanilide) substrates were used, including Ala-Ala-Pro-pNA, succinate-Ala-pNA, ArgPro-pNA, Ala-Pro-pNA, Val-Ala-pNA, Gly-Pro-pNA, Gly-GlypNA, Ala-Phe-pNA and Ala-Ala-pNA. Substrate (50 µl) and enzyme (50 µl) were used at double concentrations of substrate and enzyme, and released pNA was detected spectrophotometrically at 405 nm every 5 min for a total of 30 min in a kinetic SpectraMax 340 microplate reader (Global Medical Instrumentation). Steady-state Michaelis-Menten kinetics were determined using 2-fold dilutions of the substrate and were fitted directly to the Michaelis-Menten equation
where [S] is substrate concentration. Protein concentrations were optimized to give the best absorbance readout during the 30 min incubation and were 0.65, 13.5 and 15.5 nM for DPP-IV, DPP-8 882aa and DPP-9 892aa respectively. A molar absorption coefficient of 8.8 mM −1 · cm −1 at 410 nm was used for the determination of pNA concentration. The amount of liberated pNA product during incubations was determined using a standard curve obtained at 410 nm for various concentrations of a pNA stock solution in the SpectraMax 340 microplate reader. Detection limits were between approx. 1 nM and 1.5 µM.
Inhibition kinetics were performed for all purified enzymes using the well-known competitive DPP-IV inhibitor ValPyr (valine pyrrolidide) and the substrate Gly-Pro-pNA. IC 50 determinations were performed from measured enzyme velocities at varying concentrations of inhibitor of 30.0, 10.0, 3.33, 1.11, 0.37 and 0.12 µM and a constant substrate concentration equal to the K m value for each of the enzymes, i.e. 0.2 mM for DPP-IV, 0.3 mM for DPP-8 882aa and 0.4 mM for DPP-9 892aa . Using the relationship IC 50 /K i = 1 + [S]/K m , K i values were derived from the IC 50 determinations. At least three measurements were performed for all kinetic determinations.
MALDI-TOF (matrix-assisted laser-desorption ionization-time-of-flight) MS analysis
MALDI-TOF MS was performed on a Voyager RP MALDI-TOF instrument (Perseptive Biosystems) equipped with a nitrogen laser (337 nm). The instrument was operated in linear mode with delayed extraction, and the accelerating voltage in the ion source was 25 kV. Sample preparation was carried out as follows: 1 µl of sample solution (0.5-1.0 mg/ml) was mixed with 10 µl of matrix solution (α-cyanocinnamic acid dissolved in a mixture of acetonitrile/water/3 % trifluoroacetic acid, 5:4:1, by vol.) and 1 µl was deposited on the sample plate (standard stainless steel) and was allowed to dry. Calibration was performed using external peptide standards resulting in a mass accuracy of 0.1 % in the relevant mass area.
MALDI-TOF MS was used for analysis of enzymatic digestion of proteins by trypsin and semi-quantitative determination of cleavage rates by DPP-8 882aa and DPP-9 892aa of the peptides GLP-1, GLP-2, NPY and PYY (all from Peninsula Laboratories Europe). For determination of peptide cleavage rates, 1.0 µM peptide was incubated with 0.1 µM purified protein (i.e. 10× molar excess) final concentration in 50 µl at room temperature and in standard buffer (see the Enzymatic activity assays subsection). Samples were withdrawn at 0 min, 20 min, 4 h and 24 h without adding any stopping additive. Relative ratios and in vitro half-lives (t1 / 2 ) 
RESULTS
Expression and purification of recombinant variants of DPP-8 and DPP-9
DPP-8 882aa , DPP-8 657−757aa , DPP-9 863aa and DPP-9 892aa were expressed as either N-or C-terminal His 6 -tagged constructs [theoretical molecular masses of His 6 -tagged constructs were: DPP-8 882aa , 102 kDa (N-terminal His 6 -tag); DPP-9 863aa , 99 kDa (C-terminal His 6 -tag); and DPP-9 892aa , 103 kDa (N-terminal His 6 -tag)] using the baculovirus expression system and chromatographically purified using TALON TM resin as outlined in the Experimental section. Only expression and purification of the DPP-8 882aa and DPP-9 892aa N-terminal His 6 -tagged constructs produced enzymatically active proteins. From the TALON TM purification, expressions of DPP-8 882aa and DPP-9 892aa resulted in an increase in specific activities of 30-and 7-fold compared with cell lysates and yields of 19 % and 35 % respectively. Table 2 shows the purification scheme of DPP-8 882aa and DPP-9 892aa .
SDS/PAGE and Coomassie Blue analyses of the DPP-8 882aa purification revealed a protein band of approx. 111 kDa as compared with molecular-mass standards, and accounted for more than 90 % of the total fractionated protein (see Supplemental Figure 1 at http://www.BiochemJ.org/bj/396/bj3960391add.htm). DPP activity could be measured in the TALON TM fraction, but further ion-exchange purification was necessary for demonstration of co-migration between intensity of the individual protein fractions within the peak and activity levels. Following ion-exchange purification, the protein purity reached > 95 %, as determined from SDS/PAGE analysis. Approx. 0.05-0.1 mg of pure protein could be obtained per 10 10 High5 cells. A trypsin digest of the 111 kDa SDS/PAGE protein band demonstrated a clear MALDI-TOF MS fragmentation pattern corresponding to DPP-8 882aa . More than 60 % of the sequence was covered by the analysis (results not shown).
DPP-8 882aa was difficult to handle and showed a high degree of lability. After 12 h of incubation of DPP-8 882aa , the specific activity was reduced by more than 85 % in samples stored at room temperature compared with freshly thawed stocks. Addition of 10 % (v/v) glycerol before freezing somehow preserved activity, but otherwise no actions or formulation screening were performed to preserve activity other than maintaining stocks in an ice bath during handling and before assay incubations. Expression and purification of DPP-8 657−757aa produced no enzymatically active protein from the TALON TM elution (results not shown). The two DPP-9 variants were expressed and purified as distinct proteins of similar molecular masses of approx. 95 kDa as determined from molecular mass standards (see Supplemental Figure 2 at http://www.BiochemJ.org/bj/396/bj3960391add.htm). However, a very different heterogeneity was observed for the two fractionated proteins as demonstrated from SDS/PAGE and Coomassie Blue analyses. DPP-9 892aa was homogeneous and more than 95 % pure after the TALON TM fractionation, whereas DPP-9 863aa showed a heterogeneous band pattern as evaluated from the SDS/PAGE and Coomassie Blue analyses, probably due to a poor folding ability and stability, resulting in not only a smaller amount of soluble protein, but also in incorrect folding. Activity levels co-migrated with the fractionated 95 kDa protein from the DPP-9 892aa expression, whereas no enzymatic activity was detected from the fractions of the expression of the DPP-9 863aa variant (see Supplemental Figure 2 ). Amounts of 0.5-1 mg of pure DPP-9 892aa protein could be obtained from approx. 10 10 High5 cells. In-gel enzymatic digestion by trypsin of the 95 kDa bands of both the short and long DPP-9 construct verified that the proteins were DPP-9 as determined from MALDI-TOF MS analysis (see Figure 2 for example of DPP-9 892aa ). DPP-9 892aa had a much higher stability compared with DPP-8 882aa , since several freeze-thaws and prolonged incubations at room temperature only affected the enzymatic activity slightly. Temperature profiling showed that both DPP-8 882aa and DPP-9 892aa lost significant activity at and above 45
• C incubation, whereas optimal activities for both of the two proteins were between 35 and 40
• C incubation. This is a clear difference compared with the very stable DPP-IV, which had a stepwise activity increase 
from 25
• C and up to 45 • C at which DPP-IV displayed 100 % activity.
Quaternary-structure analysis of DPP-8 and DPP-9 using dynamic light scattering and size-exclusion chromatography
The quaternary structures of DPP-8 882aa and DPP-9 892aa were analysed and compared with that of DPP-IV, which is known to be a catalytically active homodimer (see, e.g., [14] ). DLS was used to measure the hydrodynamic radius of the purified proteins in solution. DPP-8 882aa and DPP-9 892aa displayed strong DLS signals corresponding to hydrodynamic radii of 6.8 and 5.9 nm with polydispersities of 18.1 % and 16.2 % respectively (see Supplemental Figure 3 at http://www.BiochemJ.org/bj/396/ bj3960391add.htm). Likewise, DPP-IV displayed a monodisperse signal with a radius of 5.0 nm and polydispersity of 0.1 % (results not shown). The protein peaks of DPP-8 882aa , DPP-9 892aa and DPP-IV all corresponded to close to 100 % of total mass in solution when subtracting the solvent peak.
To analyse further the quaternary structure, size-exclusion chromatography was performed for DPP-IV, DPP-8 882aa and DPP-9 892aa , and was compared with retention volumes of highmolecular-mass standards (Figure 3 ). All three proteins migrated with a retention volume of approx. 12 ml, corresponding to mol- DPP activity was demonstrated for DPP-8 882aa and DPP-9 892aa using the putative substrates Gly-Pro-pNA, Ala-Pro-pNA, ValAla-pNA and Arg-Pro-pNA (Table 3) . No tri-or endo-peptidase activities were observed (under the incubation and assay conditions outlined in the Experimental section) as determined using the peptide analogue Ala-Ala-Pro-pNA and the full-length peptides GLP-1, GLP-2, NPY and PYY in a MALDI-TOF MS assay, which is similar to the one described by Lambeir et al. [15] . DPP-8 882aa and DPP-9 892aa were unable to cleave Gly-GlypNA, Ala-Ala-pNA and Ala-Phe-pNA under the given assay conditions. Very similar Michaelis-Menten kinetic profiles of the different substrates were demonstrated for DPP-8 882aa and DPP-9 892aa with K m values between 70 and 1220 µM, which were similar to DPP-IV values of 50-670 µM ( Table 3 ). The k cat values for DPP-8 882aa and DPP-9 892aa were generally lower than that of DPP-IV, giving equally lower catalytic capacities. For example, we observed for the Arg-Pro-pNA substrate 23-and 22-fold lower k cat /K m for DPP-8 882aa and DPP-9 892aa compared with DPP-IV respectively. Using the substrates Gly-Pro-pNA and Ala-Pro-pNA, k cat /K m for DPP-8 882aa and DPP-9 892aa were in the order of 10
for both enzymes, making them very competent in terms of catalytic performance, but poorer compared with DPP-IV for both of these and all other substrates tested.
Kinetics and specificity of recombinant DPP-8 and DPP-9
The ability to cleave the naturally occurring peptides GLP-1, GLP-2, NPY and PPY was tested in vitro using a MALDI-TOF MS-based assay. From semi-empirical analyses of the distribution of peptide fragments, different kinetics were observed depending on the peptide substrate used ( Figure 4) ; however, these were very similar when comparing rates between DPP-8 882aa and DPP-9 892aa , which generally were markedly lower compared with that of DPP-IV.
Figure 4 Fragmentation diagrams of MALDI-TOF MS analysis of GLP-1, GLP-2, NPY and PYY digests by DPP-8 882aa and DPP-9 892aa
Cleaved peptides are indicated by arrows. Very similar digestion profiles were obtained for DPP-8 882aa and DPP-9 892aa . Digested GLP-1 and -2 were observed after 20 min and were almost completely digested after 24 h of incubation. NPY digestion products were observed after 20 min of incubation and were digested to the end after less than 4 h. Significant PYY digest products were first observed after approx. 4 h, and, after 24 h, approx. 25 % were intact. See Table 4 for estimated t1 / 2 values based on MALDI-TOF MS profiles. The value in parentheses represents the t1 / 2 of the degradation product GLP-1-(11-36).
Both DPP-8 882aa and DPP-9 892aa cleaved two amino acids from the N-terminal of all four peptides and both showed a kinetic favouring of the following order NPY > GLP-2 > GLP-1 > > PYY, which differed compared with DPP-IV which showed NPY ≈ PYY > GLP-1 > GLP-2. In vitro t1 / 2 values were determined from ratios between the MS intensities of intact and cleaved peptides (Table 4) corresponding to the following relative rates DPP-IV/DPP-8/DPP-9: 1:0.5:0.5 for NPY, 1:0.1:0.06 for GLP-2, 1:0.05:0.03 for GLP-1 and 1:0.002:0.002 for PPY. NPY was the full-length peptide substrate that was cleaved best among the four substrates tested, whereas cleavage of PYY was the lowest for DPP-8 and DPP-9 and strikingly lower compared with DPP-IV, which cleaved this substrate at the highest rate equal to the cleavage rate of NPY. Both DPP-8 and DPP-9 had lower substrate turnovers for all the full-length peptide substrates compared with DPP-IV and, furthermore, a specificity difference was observed. Only the first two N-terminal amino acids of GLP-1 were cleaved by DPP-8 and DPP-9 as opposed to DPP-IV, which cleaved sequentially two dipeptides from the N-terminal of GLP-1. This was in accordance with the inability to cleave Gly-Gly-pNA by DPP-8/-9, since the P2 residue is glycine.
Inhibition of DPP-IV, DPP-8 and DPP-9 with ValPyr
We used the competitive DPP-IV inhibitor ValPyr for inhibition studies of DPP-IV, DPP-8 and DPP-9 as outlined in the Experimental section. We found that DPP-IV, DPP-8 882aa and DPP-9 892aa had a similar kind of inhibition, resulting in very similar K i values of 0.64 + − 0.01, 0.63 + − 0.02 and 0.78 + − 0.06 respectively. Thus the inhibitor ValPyr was equally potent and therefore nonselective for any of the three S9b family members DPP-IV, DPP-8 and DPP-9.
DISCUSSION
We have characterized recombinant full-length variants of DPP-8 and DPP-9 as enzymes with similar kinetic, specificity and inhibition profiles, including the ability to cleave the naturally occurring peptides GLP-1, GLP-2, NPY and PYY in vitro. Expression of DPP-8 657−757aa and DPP-9 863aa produced no enzymatically active proteins, and, regarding the latter, this result concurred with previously published [10] and unpublished (C. Olsen and N. Wagtmann, unpublished work) expression studies performed in our laboratories using both an in vitro translation system and COS cells. Distinct activities were observed only for the fulllength variants of 882 and 892 amino acids for DPP-8 and DPP-9 respectively. These results disagree with published data of a recombinant expression construct of the short 863-amino-acid variant of DPP-9, which was reported to be active [11, 12] . None of the earlier studies showed any clear co-migration between the expressed DPP-9 863aa protein and the DPP activity observed. In one of the studies, activity estimations were based on mammalian cell transfection experiments, making contamination of endogenous activity of DPP-IV a possibility [12] . In the present study, distinctive verifications of all the purified proteins using MALDI-TOF MS analysis of trypsin digests of the purified recombinant proteins were performed. These results indicate that DPP-9 only can be produced as an enzymatically active protein when expressed as a full-length 892-amino-acid variant. The threedimensional structure of full-length DPP-9 is required for our understanding of the implications of the N-terminus; however, one cannot rule out the possibility that the placement of a His 6 -tag can play a critical role for the missing activity of DPP-9 863aa . In the present study, a His 6 -tag was placed in the C-terminus of the short form, whereas in the studies of Qi et al. [11] and Ajami et al. [12] , the His 6 -tag was placed in the N-terminus. In the construction of DPP-9 892aa , the His 6 -tag was placed in the N-terminus.
We have found that the DPP-8 882aa and DPP-9 892aa variants are dimers, as determined using size-exclusion chromatography and DLS. Thus it appears that the general oligomeric structure of the S9b family members is a dimeric configuration, since DPP-IV, FAPα (fibroblast activation protein α) and DPP-2 are dimers like DPP-8 and DPP-9 [16, 17] .
Assuming overall structural conservation between DPP-8, DPP-9 and DPP-IV, the published crystal structures of recombinant human DPP-IV can be used to deduce effects of the different variants [18] [19] [20] . DPP-IV is composed of an α/β-hydrolase and an eight-bladed β-propeller domain, in the interface where the active site is located. The spliced exon 657-757 of DPP-8 comprises an essential part of the protein, since the active serine residue is located here according to sequence alignments and inspection of the X-ray structure of DPP-IV. When relating to the active site of DPP-IV [defined by a sphere of 8 Å (1 Å = 0.1 nm) radius from active-site inhibitor ValPyr in DPP-IV and following pinpointing residues in alignment of DPP-8 and DPP-9], distinct identities of 74 % and 69 % can be observed between DPP-IV and DPP-8 and between DPP-IV and DPP-9 respectively, which are much higher than the relatively low overall identities of 20 % and 19 % respectively. On the other hand, DPP-8 and DPP-9 are very similar. They share an overall identity of 58 % and an identity of 92 % of essential active-site residues as compared with DPP-IV. The remaining residues within the active site are possibly related to differences in substrate selectivity between DPP-8 and DPP-9 on one hand and DPP-IV on the other. In this context, it is notable that the well-known DPP-IV inhibitor ValPyr showed equipotency for all three enzymes, indicating that the inhibitor is non-selective contrary to the DPP-IV selectivity reported before DPP-8 and DPP-9 were made available [21] . Selectivity differences were also observed in the cleavage rates of four naturally occurring peptides, GLP-1, GLP-2, NPY and PYY, which generally were similar for DPP-8 and DPP-9, but higher for DPP-IV. NPY was the best substrate for all three enzymes and was cleaved with similar rates. DPP-IV cleaved PYY with a rate similar to that of NPY cleavage, which, compared with DPP-8 and DPP-9 was approx. 500-fold higher. NPY and PYY have been reported previously as the best naturally occurring substrates for DPP-IV [15, 22] . Residues in the P1, P2 and P2 positions are the same in NPY and PYY, whereas the P1 residue differs, being serine in NPY and isoleucine in PYY. Thus a polar residue in the P1 position seems to be preferred for DPP-8 and DPP-9 relative to DPP-IV. Relating to the recently published DPP-IV crystal structure with a bound NPY analogue (PDB code 1R9N), the S1 pocket appears flat and with no well-defined contacts with the P1 serine residue [23] , and the large active-site cavity in itself explains the vast acceptance and high turnover of substrates. Indeed, DPP-8 and DPP-9 show differences in substrate selectivity at the P1 and P1 position compared with DPP-IV. Comparing the tested substrates there seem to be no requirements for the nature of the amino acid in the P2 residue position, as both small and bulky side chains and non-polar and charged residues are tolerated. This is analogous with what is found for DPP-IV. GLP-1 and GLP-2 were cleaved with similar rates by both DPP-8 and DPP-9, but approx. 10-30-fold lower compared with DPP-IV. Furthermore, we found that both DPP-8 and DPP-9 were unable to cleave substrates that had glycine in the P1 position, which again is a distinct difference from the specificity of DPP-IV observed previously [24] and in the present study. Given both the difference of substrate specificity between DPP-8, DPP-9 and DPP-IV and the suggested active-site composition of DPP-8 and DPP-9, it is understandable that activesite inhibitors with selectivity towards DPP-IV relative to DPP-8 and DPP-9 can be developed. These data suggest that S1 and S1 pockets might be explored for rational drug design. In vitro selectivity data on a series of β amino acid analogues has been reported by Kim et al. [25] and show that selectivity can be achieved. Animal data have indicated that inhibition of DPP-8 and DPP-9 produces a series of unwanted side effects [26] . The importance for development of DPP-IV-selective compounds for therapeutic use is therefore stressed.
DPP-8 and DPP-9 are examples of so-called DASH (DPP-IV activity and/or structure homologous) proteins, as they share sequence and possible structural homology as well as functional activity with DPP-IV, and so might be associated with functions previously ascribed solely to DPP-IV. DPP-8 and DPP-9 have been reported to be intracellularly located, since no transmembrane domains or leader export signals for known cell secretion pathways have been identified in the sequence [8] [9] [10] . Thus the in vitro observed proteolytic cleavage of the incretin hormones GLP-1 and GLP-2 by DPP-8 and DPP-9 is unlikely to be of relevance with respect to in vivo physiological functions to which DPP-IV has been attributed in the vascular system. An intracellular associated regulation of GLP-1 release from Lenterocytes is unlikely, since only intact GLP-1-(7-37) has been shown to be secreted from L-enterocytes of the porcine ileum [27] . Regarding the pancreatic polypeptide family members PYY and NPY, it is interesting that these are regulated by enzymatic removal of the first dipeptide for production of selective Y receptor agonists, e.g. truncated PYY which is a highly selective Y2 receptor agonist [24, 28] . However, the low cleavage rate observed for DPP-8 and DPP-9 argues against a genuine physiological role of the N-terminal processing of these pancreatic polypeptide hormones.
In conclusion, we have characterized different recombinant variants of DPP-8 and DPP-9 and found that only the fulllength variants of 882 and 892 amino acids respectively were active enzymes, appearing to be homodimers in solution with very similar kinetic and substrate profiles. By analogy and comparison of the ability for DPP-8 and DPP-9 to cleave various substrates and naturally occurring peptides of the incretin and pancreatic hormone family, we have mapped requirements to amino acid nature in the proximal positions to the scissile bond and compared it with DPP-IV and conclude that development of DPP-IVselective therapeutic inhibitors relative to DPP-8 and DPP-9 is feasible.
